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H I G H L I G H T S

• Entomopathogenic nematodes are promising biocontrol agents in a number of different habitats.
• Foliar application of entomopathogenic nematodes presents various unique challenges.
• Inherent characteristics of Cydalima perspectalis and Buxus foliage confer suitability for control using entomopathogenic nematodes.
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Worldwide biodiversity decline is caused by multiple factors, including pesticides. Aside from their applications
in agriculture, the uptake of pesticides in urban gardens is widespread. Here, we review the potential of con
trolling pests of ornamental garden plants, like the boxtree moth Cydalima perspectalis Walker, 1859 (Lepidop
tera: Crambidae), using entomopathogenic nematodes (Heterorhabdidae & Steinernematidae). Nematode
biocontrol is highly suitable, particularly for small-scale control such as in boxtree plantings. Boxtree (Buxus
spp.) is an ornamental shrub widely used in public and private grounds across Europe. Over the past decade
boxtree has suffered heavily from the destructive boxtree moth, an invasive and persistent pest species of EastAsian origin. Widespread application of insecticides has been effective, yet resistance to these compounds is
accumulating. The dense foliage of boxtree shrubs facilitates the correct tuning of moisture and temperature
conditions required for nematode mediated pest control. Warm weather, without direct sunlight, on moist to wet
foliage appear to be the most suitable conditions. We conclude that the use of entomopathogenic nematodes for
controlling pests, such as the boxtree moth, may limit damage to horticulture and provide a safe and environ
mentally friendly form of control in urban spaces.

1. Introduction
Synthetic insecticides have caused a major impact on non-target
organisms ever since their first applications in the early 20th century.
This impact has not been restricted to non-target insects, but has had
severe detrimental effects on organisms at higher trophic levels
(Woodwell et al., 1967). For example, the infamous trophic collapses of
the 60′ s and 70′ s, caused by the widespread use of early pest control
chemical compounds with long half-lives such as dichlorodiphenyltri
chloroethane (DDT) and gamma-hexachlorocyclohexane (lindane).
Rachel Carson’s Silent Spring exposed the effects of DDT to the world
wide public in 1962, eventually leading to their worldwide ban. How
ever, the widespread use of these persistent “broad-spectrum”

compounds has left a legacy of ecological destruction that continues
today (Hellou et al., 2012).
Currently, the focus of agro-industry has shifted from broadspectrum insecticides to more pest-specific chemical alternatives.
Despite this, populations of non-target organisms continue to incur un
intended damage. For example, in case of the latest generation of in
secticides, the neonicotinoid compounds, studies have revealed negative
side-effects on a multitude of species groups including insectivorous
birds (Godfray et al., 2014; Gross, 2013; Hallmann et al., 2014). Spe
cifically, they have been shown to act on the nervous system of bene
ficial pollinators and persist in aquatic systems where they negatively
impact aquatic insects (Barmentlo et al., 2019; Stanley et al., 2016; Van
Dijk et al., 2013). Like Rachel Carson, long-term ecological research by
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Hallmann et al. (2017), on the insect decline in Western Europe, has
aroused public awareness of the unintended effects that current syn
thetic pesticides have on insects. This has prompted policy makers to
reduce the environmental damage of synthetic pesticides such as
neonicotinoids (Gross, 2013; Stokstad, 2018). Subsequently, novel
synthetic insecticides were registered for use in the agricultural sector
and it seems likely that non-target organisms will continue to receive
similar negative impacts (Siviter and Muth, 2020). This collective evi
dence suggests that significant changes to pest control standards are
necessary to bring this process to a halt.
Despite the growing awareness of the negative side-effects of syn
thetic insecticides, their use is still widespread. Other alternatives are
required, since the need for pest control remains a high priority in the
agri-horticultural sector, for example due to climate-mediated range
shifts of pest species (Bebber, 2015; Cannon, 1998; Thomson et al.,
2010) and ever decreasing populations of their natural enemies (Forister
et al., 2019; Hallmann et al., 2017). The quest for alternatives becomes
even more pressing given the recently increasing incidence of new pest
species, especially in the horticultural sector (Bacon et al., 2012; Roques,
2010).
The combination of the increasing need for pest suppression and the
growing awareness of the damaging synthetic pesticides, makes sus
tainable pest control options more and more attractive (van Lenteren
et al., 2018). One such application is that of biological control, which
could provide the necessary environmentally conscious alternative (Bale
et al., 2008). Biological control is the use of a population of one or
ganism to reduce the population of another organism. The use of modern
biocontrol started at the end of the 19th century (van Lenteren and
Godfray, 2005). Recently, the biocontrol market is growing more than
three times faster than the synthetic pesticide market, with an annual
growth in sales of 15% (van Lenteren et al., 2018). The most common
form of biocontrol is the recurring release of biological control agents
that do not form an established population known as “augmentative
biological control” (ABC), in which commercially reared species are
deployed where necessary (Leung et al., 2020; van Lenteren, 2012; van
Lenteren et al., 2018). This form of biocontrol has proven to be an
environmentally sustainable and economically viable alternative for
synthetic pest control. Next to predatory insects, parasitoid wasps that
lay eggs in insect hosts and kill them upon development, are the most
frequently used organisms in ABC (van Lenteren et al., 2018).
Various biocontrol applications have used entomopathogenic nem
atodes (EPNs) as control agent (Lacey and Georgis, 2012), with inun
dative biological control forming the largest (Gaugler, 2018). In
inundative ABC, large numbers of nematodes are released to invade the
pest population and achieve immediate pest suppression (Gaugler,
2018). Such control measures have been successfully used in field
treatments for a range of entomological pests, including the insect orders
Coleoptera, Diptera, Orthoptera, Hemiptera and Lepidoptera (see re
views by Hatting et al., 2019; Sharma et al., 2011; Labaude and Griffin,
2018). Several factors have limited the ability of EPNs to compete with
synthetic insecticides. The main obstacles for EPNs in biocontrol appli
cations are poor storage and low post-application survival (Grewal,
2002). Recent studies have addressed the prolonging survival time (shelf
life) and retention of infectivity in the field (review by Heriberto et al.,
2017). Recent field studies (e.g. Malan and Moore, 2016 & Azarnia et al.,
2018) and reviews (Abd-Elgawad, 2019; Dolinski et al., 2017; San-Blas
et al., 2019) advocate the potential of EPNs for widespread uptake on
the biocontrol market.
Currently, several commercial and domestic products on the market
are already specifically geared towards the control of lepidopteran pests
(e~nema, 2014; ECOstyle, 2018; Sautter & Stepper, 2019). To achieve
successful biological control using EPNs, knowledge on the nematode
ecology, and the host – pest system is key (Heriberto et al., 2017; Lab
aude and Griffin, 2018).
In this paper, we review the foliar application of nematodes as bio
logical control agents against lepidopteran pests and use a recently

emerged pest species as an example: the invasive boxtree moth Cydalima
perspectalis Walker, 1859 (Lepidoptera: Crambidae). First, we introduce
the foliar applications of EPNs, followed by the recent invasion history
of the pest species. Then we review the critical aspects of, and possible
new avenues for, successful control using EPNs. We also present data on
field trials with similar pest species and on currently available control
products of C. perspectalis.
2. Foliar applications of entomopathogenic nematodes
Entomopathogenic nematodes are obligatory parasites that infect
and reproduce within insect larvae. Such nematodes are found in the
families Steinernematidae and Heterorhabditidae (de Brida et al., 2017;
Dillman and Sternberg, 2012). Prior to a new round of reproduction, the
mobile nematode life stage (infective juveniles or IJs), searches for
suitable host insects (Campbell et al., 2003). Upon encountering a
suitable host the IJs infect and release their endosymbiotic bacteria
(Enterobacteriaceae), which infect the host ultimately leading to host
death (de Brida et al., 2017; Dillman and Sternberg, 2012). The nema
tode will then feed on the insect tissues, proteins and lipids dissolved by
bacterial enzymes, and on the proliferating bacteria (Dillman and
Sternberg, 2012). Nematodes mature and carry out a number of repro
ductive cycles in the larvae, after which numerous infective IJs emerge
and again search for new larvae to infect (Dillman and Sternberg, 2012).
These IJs can be used in biocontrol, which generally occurs via spraying
of solutions containing IJs on crops or soil containing pest insects.
Foliar applications of EPN biocontrol have historically resulted in
mixed success (Arthurs et al., 2004; Lacey and Georgis, 2012; ShapiroIlan et al., 2006). Yet, recent studies report efficient control for several
lepidopteran pests, mostly in the moth families Tortricidae, Plutellidae,
Gelechiidae and Erebidae (De Waal et al., 2018; Kamali et al., 2018;
Mikaia, 2013; Schroer and Ehlers, 2005; Vashisth et al., 2017). The
majority of above-ground field trials are geared towards using EPNs on
diapausing moth larvae in complex habitats such as under bark or in
storage crates (Odendaal et al., 2016a; Odendaal et al., 2016b).
Controlled simulations of field conditions have also had promising re
sults, for other sheltered habitats such as fruits (Bolaños et al., 2016;
Memari et al., 2016), leaf mines (Kamali et al., 2018; Van Damme et al.,
2016) and within woody branches and trunks (Salari et al., 2015;
Shapiro-Ilan et al., 2016). Highly controlled foliar trials with a gregar
ious lepidopteran pest, the processionary caterpillar Thaumetopoea wil
kinsoni Tams, 1926 (Lepidoptera: Notodontidae) also resulted in
successful control (Karabörklü et al., 2015). Further examples of suc
cessful foliar trials can be found in glasshouses, for example by Glazer
and Navon (1990) on the cotton bollworm Heliothis armigera Hübner,
1808 (Lepidoptera: Noctuidae) resulting in 75–90% control. Although
showing promising results, such trials are under different conditions
than those of true foliar field trials, where nematodes are much more
exposed to fluctuating ambient temperature and moisture conditions.
Based on the collection of field and laboratory trials on several
lepidopteran pest species, the success of pest control using EPNs depends
on four main factors: abiotic conditions such as moisture and tempera
ture and biotic conditions such as the pathogenicity and foraging
strategy of the nematode species (Campbell et al., 2003; Grewal et al.,
2005; Kaya and Gaugler, 1993; Kung et al., 1991). The exposed char
acteristics of foliage make it especially prone to micro-climatic shifts,
more so than applications to soil or other sheltered habitats. The limiting
factors of foliar applications correspondingly differ to that of soil ap
plications, due to these marked differences in physical conditions (Ar
thurs et al., 2004). Below, we discuss the critical aspects of foliar EPNs
using C. perspectalis as a case study.
3. Critical aspects for successful biocontrol during foliar
applications of entomopathogenic nematodes
As is evident from its common name, the larvae of the boxtree moth,
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Table 1
Comparison of concentrations and resulting mortality of foliar field trials using Steinernema spp. as biocontrol agents of lepidopteran larvae. Currently available control
products (targets: Crambidae and Tortricidae) are also added to the table to allow for comparison with field studies. The recommendations from currently available
control products should be interpreted with caution, due to the presence of possible corporate bias on mentioned dosage.
Species
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.

carpocapsae
carpocapsae
carpocapsae
carpocapsae
carpocapsae
thermophilum
feltiae
carpocapsae
carpocapsae
feltiae

Concentration
2

625,000/m
625,000/m2
10,000,000/m2
125,000/m2
125,000/m2
24,000–30,000/plant
166,666/m2
166,666/m2
200,000/m2
3,333,333,333/tree

Pest species

Anti-desiccant

Adhesive

Gel

Incubation Time

Mortality

Ref.

Cydalima perspectalis
Cydalima perspectalis
Cydalima perspectalis
Plutella xylostella
Plutella xylostella
Plutella xylostella

+
+
+
+
+
+
–
–
–
–

–
+
+
–
–
–
–
–
–
–

–
–
+
+
+
–
–
–
–
–

5 days
5 days
5 days
7 days
7 days
–
–
–
–
–

11%
16%
96%
60%
54%
46%
–
–
–
–

(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Sunanda et al., 2014)
(Sunanda et al., 2014)
(Somvanshi et al., 2006)
NemaSys F
NemaSys C
nemastar®
nemapom®

C. perspectalis feed predominantly on boxtree Buxus spp. (Buxales:
Buxaceae). C. perspectalis has taken over the boxtree horticultural sector
in Europe. Their gregarious feeding is highly destructive to ornamental
boxtree plantings in gardens and in addition the species also threatens
wild Buxus stands in Southern and Eastern Europe (Matsiakh et al.,
2018). Boxtree moths are of East-Asian origin and were first recorded in
Europe in 2006, when they were accidentally introduced into Germany,
presumably associated with live host plant material (Bras et al., 2019;
Krüger, 2008). Since their introduction they have spread vigorously
across the European continent, and in 2017 were found in 24 countries
ranging from Spain to the Russian Federation (Oltean et al., 2017). The
species will most likely continue to spread towards the northernmost
boundary of its climate envelope wherever their hostplant is available
(Nacambo et al., 2013; Oltean et al., 2017). Since the introduction of
C. perspectalis into Western Europe a number of both contact and sys
temic insecticidal control options have been effectively used (CABI,
2019). This is analogous to the current control methods for the Asian
population, where broad spectrum pyrethroid insecticides are being
used (Wan et al., 2014). Due to prolonged exposure to these pesticides,
Asian populations of C. perspectalis have already developed resistance,
and a switch to other broad-spectrum chemicals ensued (Wan et al.,
2014; Zhang et al., 2007). Alternative control of C. perspectalis is
required in the horticultural industry, but also for the maintenance of
public spaces and suburban gardens where the foremost European host
plant Buxus sempervirens Linnaeus, 1753 (Buxales: Buxaceae) is often
used as an evergreen hedge.

traits of the Buxus – C. perspectalis interaction could prove this host –
herbivore interaction to be highly suitable for biocontrol with EPNs.
The gregarious nature of C. perspectalis is an advantageous aspect of
the species biology with regards to biocontrol. Larvae cluster together in
silk shelters amongst the Buxus host plant foliage (Nacambo et al.,
2013). These silk shelters are found in the outer foliage layer and tops of
Buxus plants and so nematodes are likely to locate them quickly during
foliage biocontrol application. Furthermore, the winter diapause of
C. perspectalis takes place during the larval stage and is also gregarious in
nature (Maruyama and Shinkaji, 1987; Nacambo et al., 2013). Once the
nematode offspring re-emerge from infected host larvae, it is likely that
these new IJs locate and infect new hosts present in the shared silk
shelter. The close proximity in which host larvae reside may allow for
the completion of multiple generations of nematodes from a single
control application, although this requires further investigation in the
form of field trials. Exploiting such characteristics by matching the
correct nematode to the pest species should be the first step in selecting a
biocontrol agent (Shapiro-Ilan et al., 2006).
In addition to the advantageous characteristics of the pest, the traits
of Buxus also make it highly suitable for biological control with nema
todes. A review by Arthurs et al. (2004) on 136 published field trials of
nematode foliar applications identified foliage structure to be the main
factor determining treatment success. Arthurs et al. (2004) conclude
that cryptic habitats, such as the dense foliage of Buxus, provide the best
targets for foliar application of EPNs. The dense foliage retains more
moisture and allows for rapid movement of nematodes in search of their
prey, whilst protecting them from harmful abiotic conditions. Charac
teristically Buxus plantings occur on small scales, often under the
maintenance of private and public gardens. The shrub is planted orna
mentally in cemeteries, suburban gardens and parks, and as hedgerows
in public spaces. Such spaces are increasingly seeking environmentally
friendly pest control alternatives (Wan et al., 2014). Another advantage
of Buxus horticulture is that shrubs are typically low-growing and placed
in dense landscape elements. This allows for ease of access and complete
coverage of the pest control product during application, small-scale
application also means that environmental conditions are easier to
control. Due to these characteristics, the system is particularly suitable

3.1. Favourable ecological characteristics of pest and plant
Taking advantage of favourable aspects of pest and plant ecology
presents one of the initial steps in the selection of a successful biocontrol
agent (Heriberto et al., 2017; Hokkanen and Sailer, 1985; Shapiro-Ilan
et al., 2006). Life history characteristics of pests, especially those
conferring susceptibility, are particularly attractive to increase the
pathogenicity of nematodes (Shapiro-Ilan et al., 2006). Likewise, char
acteristics of the host plant that allow for environmental manipulation
may also increase effectivity of the treatment (Gaugler, 2018). Inherent

Table 2
Comparison of concentrations and resulting mortality of laboratory trials using entomopathogenic nematodes to infect and kill Cydalima perspectalis (Crambidae)
larvae. The table gives information on concentration, incubation time, host larval instar and observed mortality. Note that laboratory trials such as those included
cannot be translated directly to field effectivity but do highlight interactions between dosage and susceptibility of different instar stages.
Nematode species

Concentration

Incubation Time

Larval Instar

Mortality

Ref.

Steinernema carpocapsae
Steinernema carpocapsae
Steinernema carpocapsae
Steinernema carpocapsae
Steinernema carpocapsae
Steinernema carpocapsae
Steinernema carpocapsae
Heterorhabditis bacteriophora

100 EPN/larva
100 EPN/larva
200 EPN/larva
200 EPN/larva
200 EPN/larva
20–40 EPN/larva
80 EPN/larva
10–40 EPN/larva

3 days
3 days
7 days
7 days
–
–
–
–

2nd
4th
2nd
4th
pupae
–
–
–

70 +/- 14.1%
97 +/- 4.7%
100%
100%
20%
97 +/- 2.3%
100%
94–99%

(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Göttig & Herz, 2018)
(Choo et al., 1991)
(Choo et al., 1991)
(Choo et al., 1991)
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Fig. 1. Schematic interaction between life cycle stages of Cydalima perspectalis and a Steinernema entomopathogenic nematode (EPN). The zone of overlap indicates
the life history stages of host and parasite with maximum pathogenicity, where the dispersing Steinernema IJs localise the most susceptible larval instars of
C. perspectalis. This overlap in life histories is the window of maximum effectivity that should be targeted when applying biocontrol using EPNs.

for the application of EPN biocontrol.

levels of mortality are observed for early instars of C. perspectalis, the
highest mortality of hosts has been found for the 4th instar (Göttig and
Herz, 2018) (Table 2). High levels of control were found for 6th larval
instars of the clearwing moth Paranthrene diaphana Dalla Torre &
Strand, 1925 (Lepidoptera: Sesiidae) (Azarnia et al., 2018). Safdar et al.
(2018) find peaks in mortality in the 2nd and 5th larval instars of the
tobacco cutworm Spodoptera litura Fabricius, 1775 (Lepidoptera: Noc
tuidae). Taken together these results suggest a general pattern of
increased sensitivity of early and late larval stages, at least of these
selected lepidopteran species. Effective timing of biocontrol to coincide
with the presence of susceptible pest life stages is likely to significantly
increase pest suppression. This requires adequate ecological knowledge
of the pest and the interaction of its life cycle with environmental con
ditions. We illustrated the interaction between the life cycles of
C. perspectalis and Steinernema that most likely result in the greatest
mortality of C. perspectalis larvae, forming a window of opportunity for
biocontrol (Fig. 1).
After 3rd instar larvae of C. perspectalis emerge from their winter
diapause they will continue to feed and then pupate (Nacambo et al.,
2013). In the European populations of C. perspectalis this emergence
generally occurs once temperatures have risen above the larval
threshold temperature of 8 ◦ C (Nacambo et al., 2013). Since multiple
larval instars will be present simultaneously throughout the season, and
multiple generations can take place in the Central and Southern Euro
pean extent of their range, pest pressure will be sustained throughout
the growing season of Buxus (Nacambo et al., 2013). Nacambo et al.
(2013) reported two generations per year, however, depending on
weather conditions and food availability up to four generations may be
completed annually (Kenis et al., 2013). This suggests that the pest may
require two to multiple bouts of control throughout the season to effi
ciently limit damage caused by C. perspectalis.
Correspondingly, this would fit in with control early in the season,
shortly after larvae emerge from their winter diapause and start to feed
late in their 3rd instar (Nacambo et al., 2013). Early season control could
slow down the build-up of a new generation of adults, however since the
host plant grows mainly in privately owned gardens a widespread

3.2. Concentration of nematode infective juveniles at application
Concentration of IJs upon application is an important factor in the
infection rate observed during treatment with EPNs. Especially in
complex foliar habitats, concentration is likely to determine the proba
bility of nematodes encountering pest larvae. There are few reports on
the efficacy of foliar applications of EPNs for controlling lepidopteran
pests on a field scale (De Waal et al., 2018; Göttig and Herz, 2018). Lab
trials are more common and still provide useful information, although
care should be taken when extrapolating the results to field situations.
Table 1 (field studies) and Table 2 (laboratory studies) show results
obtained from several studies and the recommended dosages of
commercially available EPN products for C. perspectalis.
In a review of soil applications of EPNs, an average density of 25 IJs/
cm was found to be a requirement for successful control (Shapiro-Ilan
et al., 2006). However, this may be different for foliar applications
(Table 1). Several aspects have to be taken into account when comparing
concentrations to mortality of hosts, since there is a complex interplay
between concentration, ambient conditions, spray technique and incu
bation time that all influence the observed infection rate (Arthurs et al.,
2004). In general, higher concentrations translate to greater levels of
control (Göttig and Herz, 2018; Somvanshi et al., 2006; Sunanda et al.,
2014). The probability that released nematodes will encounter the hosts
(pest) is increased with increasing concentration. Furthermore, the
assembled data from a number of studies highlights the role of host
larval instar in determining the infection rate and observed mortality of
host larvae. In addition to optimisation of EPN concentrations, the
timing of biocontrol to coincide with the most susceptible life history
stages of the pest may be key to achieving successful pest suppression.
3.3. Host larval stage at application
The efficiency of treatment with EPNs is highly dependent on host
larval stage upon application (Göttig and Herz, 2018). Although high
4
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coordinated control is difficult to achieve. Therefore, sustained control
throughout the season, with an interval of several weeks will likely
remain necessary. Repeated treatment also acts as a safeguard for the
control of low-susceptibility intermediate instars. Taken together, this
suggests repeated EPN application, allowing for subsequent infection of
instars that “escape” control the first round, to be the most effective
control pattern.

facilitated by the relatively small scales at which treatment occurs.
Opportunistic control after rainfall on warm days in spring and summer
could provide such suitable abiotic conditions for the application of EPN
control. Tolerance to unsuitable abiotic conditions varies widely among
EPN species (Glazer, 1992), and careful selection on tolerance traits may
furthermore contribute to increasing the efficiency of nematodes in
biocontrol.

3.4. Conditional abiotic conditions: Moisture and temperature

4. Alternative entomopathogenic nematodes to control boxtree
moths

Aside from ecological characteristics of the pest and host plant,
concentration of nematodes and pest life history stages, abiotic condi
tions also influence the success rate of EPN biocontrol. The major
limiting abiotic factors of EPN treatment success are associated with
nematode mobility (Arthurs et al., 2004). Desiccation has been identi
fied to be the greatest challenge for foliar applications of entomopa
thogenic nematodes (Glazer et al., 1992). Arthurs et al. (2004) found
moisture to be one of the main limiting factors when comparing studies
on EPN effectivity, and humidity was found to be more important than
concentration in some experiments (Williams and Walters, 2000).
Nematodes require moist surfaces for movement; thus, foliage must be
kept moist to allow for nematodes to locate their hosts.
The influence of humidity on the effectivity of foliar nematode
application is evident from the differing degrees of host mortality re
ported by several field studies (De Waal et al., 2018; Göttig and Herz,
2018). De Waal et al. (2018) found a relative humidity above 95% to be
a requirement for successful application. Moisture conditions may be
enhanced by applying nematode treatment during suitable ambient
conditions (summer rainfall or dew) or by adding artificial antidesiccants to the nematode solution (Göttig and Herz, 2018). Some
control products are already supplied with an anti-desiccant, requiring
less preparation by the consumer. Anti-desiccants have been shown to
improve effectivity drastically, additionally allowing reduced IJ con
centrations whilst attaining similar pest suppression (Glazer et al.,
1992).
Next to moisture, temperature has also been shown to play a large
role in nematode movement and the success of nematode biocontrol
(Arthurs et al., 2004; Burman and Pye, 1980; Griffin, 1993; Kung et al.,
1991). With a species such as C. perspectalis, present in a complex
habitat, movement is likely to play a pivotal role in the infectivity of
nematodes and therefore pest control success.
The interplay between different abiotic variables was clearly
observed in field trials using Heterorhabditis zealandica Poinar, 1990
(Rhabditida: Heterorhabiditidae) applied to trees for controlling the
codling moth, Cydia pomonella Linnaeus, 1758 (Lepidoptera: Tor
tricidae) (De Waal et al., 2018). Morning application resulted in high
infection rates with 100% host mortality, contrastingly, mortality dur
ing evening applications was lower than 50%, likely due to lower tem
peratures (De Waal et al., 2018). However high temperatures associated
with direct sunlight were also detrimental to the treatment resulting less
than 10% infection of C. pomonella larvae. Wind speed should also be
taken into account since this influences microclimate temperature and
evaporation of foliar moisture, both affecting the movement of nema
todes (De Waal et al., 2018).
Abiotic conditions, such as wind speed and sunlight intensity may
interact with temperature and humidity and so profoundly impact on
the suitability for biocontrol. Timing pest control to coincide with the
most suitable weather conditions is important to ensure the most
effective application of EPN biocontrol. Nematode application during
optimum weather conditions ensures high host mortality, whilst
simultaneously limiting the need for extensive preparation activities.
Literature suggest that control products should be applied when natural
foliage moisture is highest in combination with relatively high temper
atures (De Waal et al., 2018; Kung et al., 1991; Lacey and Georgis,
2012). In the case of C. perspectalis control, opportunistically acting on
locally suitable abiotic conditions or amending these (anti-desiccants) is

When considering new strains or species as biocontrol candidates,
care should be taken to focus on increasing efficiency against the pest in
question and reproductive capacity under field conditions. In the case of
C. perspectalis, likely advantageous nematode traits are: high mobility in
the foliage habitat, adaptation to European conditions during the pest
season (spring – autumn) and the ability to reproduce within the host.
High mobility is a characteristic of the “cruiser” foraging strategy, which
predominantly occurs within certain clades of the Steinernema genus
(Campbell et al., 2003). “Cruisers” move through their environment,
constantly scanning for host cues, and so are able to more efficiently
locate sedentary hosts in foliage habitats (Campbell et al., 2003).
Foraging strategies of nematodes are relatively poorly understood, and a
strict differentiation between foraging strategies may not always accu
rately reflect their life history. Such as in Steinernema carpocapsae
Weiser, 1955 (Rhabditida: Steinernematidae), long believed to be an
“ambush” forager, until its high mobility in above-ground habitats was
discovered, indicating that the cruiser foraging strategy is simulta
neously present in this species (Wilson et al., 2012).
In Western Europe, the introduced range of C. perspectalis,
commercially available EPN species consist of Heterorhabditis bacter
iophora Poinar, 1976 (Rhabdita: Heterorhabditidae) and S. carpocapsae.
These species are native to Western Europe, and generally very effective
at infecting crambid species (Tofangsazi et al., 2014). However, the
potential of using local isolates of commonly reared nematode species
such as S. carpocapsae and H. bacteriophora should not be disregarded.
Cruiser foragers in the genus Steinernema would in this case receive
priority, as this foraging strategy is particularly suitable for foliage
biocontrol (Campbell et al., 2003). The use of local isolates has proved to
be a very effective pest control method in a number of cases (Bras et al.,
2019; Choo et al., 1991; Ndereyimana et al., 2019). Feeding behaviour
of locally native EPNs in India on the diamondback moth Plutella
xylostella Linnaeus, 1758 (Lepidoptera: Plutellidae) was shown to be
highly effective (Vashisth et al., 2017). Parasitism levels were similar to
commercially available Heterorhabditis indica (Poinar) Karunakar &
David, 1992 (Rhabdita: Heterorhabditidae) (Vashisth et al., 2017).
Suitable local isolates or species could be found by baiting in the habitats
and, more specifically, near the Buxus host plants where C. perspectalis is
likely to be naturally parasitized. As it is most likely quite difficult to
locate infected larvae directly in the field, an alternative technique such
as collecting soil samples and then baiting these with pupae of
C. perspectalis would be more efficient (Orozco et al., 2014). These
species could prove to have an advantage over well-known species that
are currently in culture and may be more persistent under locally
prevalent abiotic conditions. The reason for their efficiency may be due
to local adaptation to the abiotic conditions or perhaps to specific ad
aptations to host species, this still requires experimental research. The
most recent advancements in biological control, especially in combining
ecological and evolutionary principles with new genomic approaches,
can provide a new avenue for the development of suitable biocontrol
agents (Leung et al., 2020).
5. Current status of entomopathogenic nematode control
products
EPN products have increasingly entered the European market, with
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Table 3
Overview of currently available products on the European market, advertised as a biocontrol option for Cydalima perspectalis. Name, species used, recommended
concentration per square meter and producing company are given.
Product name

Species used

Concentration

Producer

Distributer

NemaSys F
NemaSys C
nemastar®
nemapom®
SC-Nematoden

Steinernema
Steinernema
Steinernema
Steinernema
Steinernema

166,666/m2
166,666/m2
200,000/m2
3,333,333,333/tree
–

BASF SE
BASF SE
e-nema GmbH
e-nema GmbH
Sautter & Stepper

ECOstyle
ECOstyle

feltiae
carpocapsae
carpocapsae
feltiae
carpocapsae

several products currently available for home gardeners. Most products
remain exclusively for bulk buyers, such as farmers or other large-scale
horticultural companies. An overview of relevant EPN biocontrol
products available for home gardeners in Europe is shown in Table 3.
Steinernema species are used in these products as they are shown to
be more mobile in above-ground applications, which is especially
important in treating C. perspectalis larvae in boxtree foliage. The species
used for foliar treatments should be able to navigate freely through this
habitat to eventually find and infect the larvae. Both ECOstyle products
are marketed especially for the control of C. perspectalis, whilst the enema GmbH products are targeted towards tipulid larvae and
C. pomonella (ECOstyle, 2018; e~nema, 2014). However, these products
may be suitable for C. perspectalis, since the nematode species used and
application dosage are very similar (Table 1).
According to the biocontrol producing companies Sautter & Stepper
and e-nema GmbH the preferred time is to apply the product in the early
evening (Sautter & Stepper, 2019; e~nema, 2014). Both companies use
Steinernema species (Steinernema feltiae (Filipjev, 1934) Wouts, Mráček,
Gerdin & Bedding, 1982 (Rhabditida: Steinernematidae) and
S. carpocapsae respectively). Sautter & Stepper recommend for appli
cation when temperature is above 12 ◦ C, whilst e-nema GmbH recom
mend use of their product nemapom® at temperatures above 8 ◦ C
(e~nema, 2014). This may also be related to the specific pest that these
products are designed for: C. perspectalis or C. pomonella.
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6. Conclusion
Damage caused by invasive pests in horticulture is likely to increase
throughout Europe in the future. The boxtree moth C. perspectalis has
recently become a widespread pest species and will likely be able to
persist (Nacambo et al., 2013). Promising biocontrol options like the use
of EPNs are highly suitable for small-scale pest control situations as that
of boxtree and its moth. Successful control of C. perspectalis moths using
EPNs depends on the environment, the pest developmental stage, and
the nematode species. The mobility of nematodes and therefore their
success rate can be further advanced by choosing highly mobile species,
such as cruiser foragers of the genus Steinernema for control. We
recommend further studies to test the suitability of other EPN species or
local strains in field and laboratory experiments. These may be more
suitable biocontrol agents when they possess the following character
istics: 1) adapted to the pest, 2) exhibiting a cruiser foraging strategy, 3)
reproducing within the pest and 5) well-adapted to local climatic
conditions.
Using EPNs in control of C. perspectalis not only has the potential to
successfully limit damage to plantings in horticulture, but also provide a
safe and environmentally friendly form of control in urban spaces.
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Leung, K., Ras, E., Ferguson, K.B., Ariëns, S., Babendreier, D., Bijma, P., Bourtzis, K.,
Brodeur, J., Bruins, M.A., Centurión, A., Chattington, S.R., Chinchilla-Ramírez, M.,
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